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Introduction
A new type of mechanical transmission method has been proposed recently [1] , called by its inventors the Elastic Engagement and Friction Coupled, or EEFC, transmission.
The EEFC drive can, in principle, be used wherever a friction drive or toothed gear might be feasible. Using mostly elementary Mechanics of Materials [2, 3] , a series of basic theoretical and experimental investigations have been reported previously [4] [5] [6] [7] .
These mainly concerned a highly simplified model of EEFC for flat surfaces with large contact area, such as EEFC belt drive and EEFC clutch drive.
In contrast with the previous work, this study investigates whether such drive mechanisms can be scaled down to millimeter levels for applications in, e.g., medical or other small-scale 'tube-crawling' robots. EEFC drives provide a potential new alternative solution to millimetre-scale drive devices because scaling conventional alternatives introduces serious challenges. Conventional gears become increasingly difficult to make at smaller scales and require critical alignment. Friction drives will be less reliable at small sizes, where the contact forces are low. If such drives themselves become less precise, then simple alternatives may compete on cost-performance even if they are inherently noisy from the statistical nature of their mechanical interactions. This paper introduces a new variation of mechanical wheel transmission (i.e. one that broadly emulates a gear-pair) based on the EEFC transmission method for use under light duty conditions in millimetre-scale drive devices. After briefly reviewing previous simple analyses, the paper provides an improved model relevant to these conditions. The approximate, mixed theoretical and empirical, model relates the geometrical parameters to the transmission force of the new transmission structure and its related vibration. It then presents some experimental results of the performance (at slip) in order to validate the semi-empirical models.
Basic Principles and Structure of the EEFC transmission method
As shown in Fig. 1 , the surfaces of the new type transmission pair are covered with arrays of elastic micro-tines. When the two surfaces come into contact, the tines on one surface will interact with those of the counterface surface. This interaction causes a resistance to lateral movement between the two surfaces and can be used to transmit force. The transmission force comprises a friction force between the contacting parts and an engagement force from pairs of elastic tines, hence the name Elastic Engagement and Friction Coupled (EEFC) Transmission [1, 4] . The practicality of creating such arrays of tines at very low cost is evident from the similarity of the structure shown in Fig. 1 to that of one component of the highly successful Velcro® fixation material.
A previous study [4] has proposed a highly simplified model for the engagement and subsequent sliding of flat surfaces covered with such tines. In essence the model assumes that the tines in contact bend as cantilevers until they slip at some maximum end angle. There is a drag force from this bending (its value depending on the likelihood of engagement) as well as from conventional frictional effects. Hence the transmission or driving force, D, is given by [4] F max
where p is the engagement probability, n the area density of elastic tines, A the contact area between the transmission pair, P max the maximum value of load on each tine and F F the maximum (dynamic) value of frictional force. Using simple beam theory [3] for the tines,
where E is the elastic modulus of material, I the second moment of area at the neutral axis of the cross-section, l is the distance between the fixed end and the contact point on the tine, and  the angular deflection at that point.
Modelling for small EEFC wheel transmissions

The basic configurations
The EEFC drive can, in principle, be used wherever a friction drive or toothed gear might be feasible. Fig. 2 shows two typical cases for illustration. The first is wheel-to-wheel, as in a classic pair of spur-gear pinions, Fig. 2(a) : the EEFC transmission acts as a spur gear emulation (SGE for convenience here). The second case is wheel-to-flat, Fig. 2(b) , for gearing between orthogonal shafts as typically found in rack or crown-wheel and pinion drives, bevel gears and frictional wheel drives. It will be referred to here as BGE (EEFC bevel gear emulation). The complexity of the individual and ensemble interactions between tines in these drives makes theoretical analysis extremely difficult and, crucially, casts doubt on the usefulness of such analysis for design purposes. Nevertheless, a semi-empirical model based on gross approximations can help to highlight the relative importance of different parameters.
The following discussion is offered for this purpose. 
Geometrical models and parameters
We take it that both surfaces of the transmission pair have tines of height h. From Fig.   4 , the minimum separation of the base circles is s = a -r 1 -r 2 (s = a -r 1 in the BGE case), with a design function restriction that h < s < 2h. Here, r 1, r 2 are inner (base circle) radi; a，r 1 , r 2 and h are the pre-defined geometrical design parameters. Immediately observable features are:  The area of contact region depends on r 1 and r 2 and can be quite small;
 At the edge of contact region, tines only just touch when undisturbed and so the transmission force fades to zero;  Pinions may be on relatively rigid shafts so that the centre separation, a, is preset, which also presets the nominal overlap of tines, unlike the weight-loaded case in [4] where the gap is taken to settle to approximately h.
Taking the SGE case shown in Fig. 3 and assuming, for now, that the tines are rigid, we can determine the maximum angle of contact for each wheel using the cosine rule 
For the BGE mode, in Fig. 4 , there is a small variant since R 2 and 2
 are undefined and a becomes the distance from the flat base to the centre O 1 . This leads to the simpler
In either case, assuming the narrower wheel has constant width, B, the contact area, A, between the transmission pair is simply
A pair of tines interact at angles  1 and  2 , which vary in 0 1 
For the BGE, the right-hand side of Eq. (7) becomes x 2 , the distance of the tine from the centre line.
Wheel geometry and drive torques
Despite the gross simplifications of equations (1) (2), it is reported in [4] that there was reasonable practical agreement with this formula for relatively large flat areas of material and loads of tens of newtons. But, the model clearly has important weaknesses, including:  The end deflections and angles are too large for the use of simple beam theory;
 As the tines bend, their effective height reduces, so their limiting deflection should depend on the initial separation of surfaces (the experiments in [4] had them pressed together).  The engagement of hooked tines will generate tension forces that tend to stiffen bending behavior and contribute to the driving, or drag, force.
The drives being investigated here, which have small contact areas between the transmission pair and small transmission forces, are likely to be much more sensitive to the effects neglected in equations (1) (2) than were previously studied regimes.
As shown in Fig. 5 , the component of the force, P y , on any tine tangential to its own wheel contributes to the torque on a lever arm of the appropriate r + l. Given the scale of other approximations, it is adequate simply to use r for all tines (or, a little more conservatively, R for the driving element and r for the driven). P y contributes directly to the linear force on a flat element. The transmission torques T are the sum of all these effects plus that of a friction force F F , so if there are m rows each containing N r tines
The deflection of the elastic tines has been ignored on the assumption that it has only a small impact on these geometrical relationships (for illustration, note that a simple circular arc reduces tine height by less than 15% even for an end deflection angle  of 1 rad.). For BGE mode, T 1 will be as in Eq. (8) (7) are not sufficient to uniquely determine l 1 and l 2 for each transmission pair. Hence, neither can the P y terms be estimated. One further relationship between  1 and either  2 or x 2 is required. A difficulty arises because a tine on one wheel might be able to meet tines from two rows of the other wheel, especially if the tines are fairly long compared to the space between them (h > t). It can be resolved by an additional assumption, quite minor compared to some made previously, that there is a fixed ratio between  1 and either  2 or x 2 equal to the nominal gear ratio of the wheel speeds. This is justified by observing that a pair of interacting tines at the centre of the contact region are effectively parallel and then move away from each other according to the speeds of the wheels.
Modelling tine engagement forces
With the engagement probability providing an empirical factor to tune the model, approximations that do little more than identify the form of relationships between parameters will be used to estimate the forces P y1 and P y2 . As well as the hooked tines considered in previous work, straight tines will be considered in this study. We take wheel 1 as the driving element and wheel (or flat) 2 as the driven element, whenever it is necessary to distinguish them.
Consider two straight cylindrical and parallel tines, one pushing against the other.
They will bend away from each other and, since the contact vector will not generally align to the drive direction, this allows the driving tine to slip by the driven one. The tines are approximately cantilevers loaded by equal and opposite point forces acting at the mid-point of their overlapped region. The tine overlap depends on the gap width, s(x), which can be approximated by a quadratic function, taking it as h at the centre (it is an easy modification to account for wider central gaps). The effective tine length is then
An estimate for the typical maximum force is that it occurs when each tine of a pair deflects by d/4 at the contact point. This yields
Technically this force, relating to the deflection needed to clear an initial misalignment of d/2 between axes, acts at an angle to the drive direction, but this is here ignored in a crude reflection of the increasing ratio of friction to direct pushing as deflection progresses. At this level of modeling approximation, the common force at the contact point, Eq (10), is taken also to represent the normal force to each tine, P y1 and P y2 (although not physically correct), because the weighting in Eq. (9) concentrates the effort strongly onto the most nearly parallel central tines. The probability of engagement of straight tines will depend on local conditions, but a major factor will be the amount of clear space between tines, which is summarized by the ratio of diameter to spacing,
Hooked tines could experience an interaction similar to that proposed for straight ones. However if the hooks of a pair engage, the force will be by drag as the tines exit, with disengagement governed mainly by a critical degree of bending. The critical angle could be thought of as either a combined value from both tines or the larger of the individual ones (these were essentially the same for the previous symmetrical flat-to-flat model [4] ). Since the driving tine is earlier in the causal chain, its tangential force and deflection can never be the smaller. Taking disengagement as happening when this tine bends though an angle equivalent to that included by the hooked end, the maximum force on the driving tine P y1 is simply that given by Eq. (2). However, because the drive is likely to be significant near the exit region, the orientation cannot be ignored. The force nominally perpendicular to the driven tine will be the component ) cos(
Hooked engagement is very unlikely in the entry regions of the contact zone, when tines tend to be sliding towards each other. It is highly likely in the exit region as tines slide apart. There is, therefore, a case for modeling the total effect as a mixture of the two interaction modes. For example, it might be assumed the all tines from the entry to the centre behave as if straight, modeled by Eq. (10), and all the rest as if hooked, modeled by Eq. (11). This idea is explored further in section 5. Since the hooked ends occupy most of the space between tines, the engagement probabilities for both modes will be much higher than for truly straight tines, probably approaching unity.
The approach used to derive Eqs (9) to (11) provides a plausible overview of the major mechanical interactions but it hardly constitutes a reliable or accurate model and more basic studies of models are in progress.
Testing of transmission performance
Test-rig
The transmission characteristics of the EEFC wheel transmission were tested using a custom-built test-rig designed for small-scale frictional force measurement [8, 9] . Fig. 6(a, b) show a photograph and schematic diagram of the apparatus. It comprises a small rotating disk (wrapped with specimen 1) driven by a DC motor with a gear box (135:1) and a tachometer, and a sample holder (carrying specimen 2) attached via a load cell to a flexure type spring mechanism with a capacitive displacement sensor. The load cell measures the loading force and the capacitive sensor measures the frictional force.
As illustrated in Fig. 6 , the upper specimen rotates about a horizontal axis to generate sliding motion against a static lower specimen. The normal load between the specimens is provided passively by a ball-bearing supported lever carrying a sliding weight. Once the counterweight is clamped in position, it produces a nearly constant pre-set static contact force, as long as the lever remains roughly horizontal. The lower specimen is attached to the lever through a vertical-axis strain gauge load cell and then a stiff horizontal linear flexure mechanism. The load cell provides continuous monitoring of the actual normal load, while a high-sensitivity capacitive gauge measures the flexure displacement and hence the friction force while minimizing lateral specimen motion.
The apparatus is operated automatically by a PC and a data acquisition system, based on LabVIEW® and MATLAB® software packages, to provide real-time measurements of the loading force, frictional force, and dynamic friction coefficient of the specimen under test. Both force sensors were calibrated by standard weights and the nonlinearity is well within 1% for the range used in this work. The loading force can be set at up to 3 N, the friction force range is 2 N and both forces are resolved to better than 0.1 mN with small thermal zero drift and low spurious vibration [8, 9] .
Preparation of Specimens
Standard Velcro® products available commercially are unlikely to offer optimal surface structures for EEFC devices. Nevertheless, their ready availability makes them highly convenient for testing the basic ideas. The upper, type 1, specimen is a mild steel disc, 20.4 mm in diameter and 8.5 mm in width, with Velcro® glued around its complete periphery. Normal Velcro® tines are hooked at the free end and effectively arranged in pairs along fairly straight rows. 'Straight' tines were produced by gently cutting the ends from normal ones. Five different type 1 specimens involved either just a single tine or one, two or three pairs in rows along the axial direction. Table 1 gives details of these arrangements. In all cases, the spacing, t, between the rows was 0.8 mm and the tine diameter was 0.15 mm. The lower, type 2, specimen is simply a 22 mm diameter circular Velcro® pad, which is glued to the flat surface of a thin steel plate fixed on the load cell of the test-rig. With this specimen pair, the test-rig measures the limiting (slip) conditions for an EEFC emulation of a rack and pinion (BGE mode).
Experimental procedure
For each pair of specimens, the normal loading force and the drag force were recorded simultaneously while the wheel slipped against the fixed counter-face. The free rotational speed was about 35 r.p.m., giving a sliding speed of around 35 mm s -1 . The drag force represents the maximum transmission force of the particular EEFC system.
Real-time information is given on the load, drag force and instantaneous transmission coefficient (the ratio of these forces). Other functionally important parameters and averages can be calculated off-line from the recorded time histories.
Loading force is expected to influence especially the friction-generated component of the transmission force, transmission coefficient and transmission power, so tests were made over a range of static loading forces (up to about 1 N) set by moving and fastening the sliding weight on the lever. In this mode of operation, the specimens float together, with the assumption that their tines merge to almost their full depth in the centre of the contact region, that is the initial gap between two surfaces was set to be approximately h. This is experimentally convenient because rotational errors from the type 1 specimen have negligible effect on the forces and engagement depths provided speeds are low enough to keep inertial forces small. However, practical designs are more likely to involve fixed bearings for both elements of an EEFC drive. Thus, some tests were performed in which the surfaces were first brought together normally and then the lever arm locked into that position by a screw before the drive was started.
Since EEFC transmission derives from individual contacts making and breaking, relatively high noise levels are expected. Generally, therefore, time averaged parameter values are appropriate to represent useful behavior. Transmission coefficient can be considered either by time averaging the instantaneous ratios of the forces or by taking the ratio of the average forces. The latter is considered more stable, but both were evaluated. The magnitude of the noise was estimated in terms of the standard deviation of a signal normalized by the mean value for that signal. This approach is satisfactory for random noise distributions not too far from Gaussian and for periodic components.
Because the tines are distributed in a fairly regular rectangular array across the surfaces, the pitch of the tines in the direction of drive varies with their orientation to it.
The relative alignment of the arrays on the two interacting surfaces might affect the transmission force. Therefore, a preliminary experiment compared the average transmission loads when the type 2 specimen was fixed at relative angles of 0, 45and
90. Fig. 7 shows that there is no clear effect from orientation for the single tine case (noise levels and significance are discussed section 4.4). Other patterns of tines showed more variation in specific tests but there was still no consistent pattern. Orientation seems not to be a practical problem, certainly within the scatter about design data we expect of these devices, and further testing was executed almost entirely in the 0 relative orientation.
Test results and discussion
Dynamic measurements of loading force, transmission force and transmission coefficient (the instantaneous ratio of transmission force to loading force) are recorded directly by the LabVIEW® control program. Fig. 8 shows a typical set of records plotted using MATLAB®. 500 data points (sampled at equal time intervals) were taken over 50 s for a type 1 specimen having 3×2 straight tines at relative angle 0 under a nominal static loading force 0.4 N from the floating stage. The variability of the contact between the tines leads to large rapid fluctuations of the forces about their means, which feeds back into the loading force. The dynamics of the spring mechanism cause the measured transmission force to become negative on rare occasions. The instantaneous transmission coefficient can be subject to rare, extremely high values because, through inertia, the loading force might instantaneously be close to zero while the transmission force retains a significant value. The averaged transmission coefficient (defined as the ratio of averaged transmission force to averaged loading force) is more stable and has value 1.91 for the data shown in Fig. 8 . diminishing beneficial effect, except that the 2x2 tine arrangement consistently gave the best performance. This could be a statistical freak but it might indicate that at very small loads additional tines contribute more to inefficiency through the imperfect geometry of the wheels than they do to the useful drive. In any case, it appears that one or two tines per row are adequate for the anticipated applications in micro-robots. The straight tines show a lower and straighter curve, consistent with a smaller proportion of engagement drive relative to friction drive, as would be expected.
The relative effects of engagement and friction processes show more clearly in the transmission coefficients. Fig 10(a) plots the averaged transmission coefficient against averaged loading force. For all five specimens, it is large at small loading forces, but settles back as the load increases. At 0.4 N it is around 2.0 for specimens with 1 tine, 1x2 tines and 3x2 straight tines, after which it deceases only slowly. The instantaneous transmission coefficient fluctuates so much that even its time average leads to large and inconsistent values at small loads, although there is a similar overall trend to that of the averaged coefficient. In practice, the inertia of a real drive would 'clip' the extreme values, so it is more sensible to delete outliers before averaging the instantaneous transmission coefficient. Fig. 10(b) shows the result after removing all values greater than 3 from the mean (about 5% of points removed).
The profiles in Fig. 8 suggest that standard deviation (STD) is useful for summarizing noise in the force measurements. The distribution of the transmission coefficient signal is less amenable to summary by a single number and will not be discussed here. Fig. 11 shows how the normalized STDs of the loading force and transmission force vary with the average loading force. Normalization is always by the mean value for the particular data set in order to express the relative importance of the noise. The normalized STD of the loading force decreases rapidly as the load increases up to about 0.3 N, decreasing more slowly as the average loading force increases further.
The trend is very consistent with all samples, reaching rather less than 0.5 at moderate loading forces. The normalized STD of transmission force decreases very rapidly to about 0.5 or less as the average loading force rises from zero but stabilizes to a very slow decline at loading forces above 0.3 N for those specimens with 1 tine or 2 tines, with slightly higher values for 6 straight tine specimens.
Taking all these results together, a key finding is that a loading force 0.3~0.4 N is a good working condition for all the major factors in an EEFC structure (BGE) with 1-tine, 2-tine or 6-straight tines made from standard Velcro® products. The data shown, and other results, suggest that the drives have typically higher transmission coefficients at small loads but that actual behaviour is more variable and unpredictable (in a design sense). Much smoother behaviour is found when the loading force exceeds about 0.3 N.
Transmission coefficients continue to fall slowly with increased loading force, within the 'stable' region, but generally remain above unity. A type of EEFC transmission structure made from 2-tine standard Velcro® has been applied recently to a novel device for driving a micro-robot for use within tubes [10] . It is worth noting that this recommended working condition is for the chosen type of tines. For other types of tines, in terms of materials and shapes, further tests are needed to search for the optimal working conditions.
All results discussed so far were taken with the loading lever in its floating
condition. An extensive set of comparison tests between floating and locked conditions was also performed. The surfaces were brought together so that the tines interacted strongly (sometimes with a deliberate preload from the lever counterweight) before the lever position was locked. This more closely represents the situation of a drive supported in relatively rigid bearings. The results were compared both to tests under the same, but unlocked, initial conditions and to the whole body of floating tests.
Test-to-test variability was even higher than previously and no consistent, strong patterns were found, although there were general tendencies that appeared consistent with previous observations. The locked condition tends to give higher averaged loading force compared to nominal and higher averaged transmission force and transmission coefficients, although still within the general ranges shown in Figs 9 and 10. Noise (as normalized standard deviation) and variability were generally higher on locked tests.
The majority of locked tests involved small nominal load forces in which region the floating loads also result in more variability and occasionally very strong transmission characteristics, but there seems to be also some extra effect from the locking. One possible explanation could be that geometrical errors lead to a varying gap wider than the nominal h when running between centres, leading to poorer and more erratic (lower probability) engagement. The way in which forces from tine interactions feed back into the loading force may also be affected by locking.
Overall, the general trends are similar in all the experimental schemes and with all the tine combinations tested. The best compromise between design predictability, high averaged transmission coefficient and introduced noise lies always with a loading force in the region of 0.4 N. It appears slightly 'better' to have a floating design rather than one between fixed bearings, but practical designs might still prefer the latter. The 'noisy' region below 0.3 to 0.4 N loading may be less attractive, but can offer high transmission coefficients for situations that can tolerate it, e.g. driving a flywheel.
Comparison between model estimates and experimental results
The experimental conditions correspond to a BGE model with r 1 = 10.2 mm. The intention is that tines overlap completely in the middle of the contact zone, so it is assumed that a = R 1 . For the Velcro® material used, tines have a diameter d = 0.15 mm and, assuming a constant circular cross-section, the second moment of area of the section is I = 2.4810 -17 m 4 . The rows are spaced at t = 0.8 mm. The height, h, is given in Table 1 . The values reported in [4] are used for elastic modulus, E = 310 9 Pa, maximum angle of bending for hooked tines,  = 1.05 rad, and estimates for friction coefficient, µ = 0.35, and engagement probability, p = 0.7~1.0. The latter two parameters are less obviously relevant to the different conditions of the current tests.
For straight tines, basing the probability on the ratio d/t gives p  0.2.
For a contact region with tines as shown in Fig.4 , substituting above values of a, h and R 1 into Eqs. (5) and (4) 
where, F L is the normal load on the contact region. If we assumed that all interactions are hooked or all straight, the bracketed term becomes 14.26P y1 or 7.74P y0 , respectively.
It is clear from Fig. 9 that the transmission force does not rise linearly with N R .
With practical tolerances and misalignment, once there is a full engagement of a pair of tines it seems unlikely that other pairs in the same rows will be able to exert their full potential. From this viewpoint, it makes sense that there is a particularly small improvement of a single pair over a single tine. The probability factor will need to be scaled (non-linearly) according to N R . The curves settle to steady slopes that suggest the friction term is larger than was previously reported. Table 2 
Conclusions
The limiting slip behavior of a novel EEFC wheel transmission under light duty (preset loading force is below 1N) has been studied by semi-empirical modeling and It appears that arrays with just one or two tines in each row can produce sufficient transmission force and power to drive a useful micro-robot system, with a diminishing benefit from using more. The relative orientation of the arrays of tines on the two surfaces has little effect on behavior, an important feature because orientation varies with rotation when using EEFC to emulate commonly occurring equivalents of bevel gears.
Although this work used commercially available Velcro® material (which was also used in some prototype mechanical systems), custom designed sets of tines are likely to provide even better performance. The EEFC concept offers an effective alternative design approach for a range of small scale applications. Practical and theoretical investigations of other geometrical forms are in progress. Table 2 Comparison of transmission forces for hooked tines estimated from experimental data in Fig. 8 and from predictions using Eq. (12). Values in brackets are extrapolations. 
